Histone deacetylase inhibitors (HDACi) and agents such as recombinant tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and agonistic anti-TRAIL receptor (TRAIL-R) antibodies are anticancer agents that have shown promise in preclinical settings and in early phase clinical trials as monotherapies. Although HDACi and activators of the TRAIL pathway have different molecular targets and mechanisms of action, they share the ability to induce tumor cell-selective apoptosis. The ability of HDACi to induce expression of TRAIL-R death receptors 4 and 5 (DR4/DR5), and induce tumor cell death via the intrinsic apoptotic pathway provides a molecular rationale to combine these agents with activators of the TRAIL pathway that activate the alternative (death receptor) apoptotic pathway. Herein, we demonstrate that the HDACi vorinostat synergizes with the mouse DR5-specific monoclonal antibody MD5-1 to induce rapid and robust tumor cell apoptosis in vitro and in vivo. Importantly, using a preclinical mouse breast cancer model, we show that the combination of vorinostat and MD5-1 is safe and induces regression of established tumors, whereas single agent treatment had little or no effect. Functional analyses revealed that rather than mediating enhanced tumor cell apoptosis via the simultaneous activation of the intrinsic and extrinsic apoptotic pathways, vorinostat augmented MD5-1-induced apoptosis concomitant with down-regulation of the intracellular apoptosis inhibitor cellular-FLIP (c-FLIP). These data demonstrate that combination therapies involving HDACi and activators of the TRAIL pathway can be efficacious for the treatment of cancer in experimental mouse models. H istone deacetylase inhibitors (HDACi) are an exciting class of anticancer drugs currently in early phase clinical trials for the treatment of hematological malignancies and solid tumors (1, 2). These agents can elicit a range of biological responses that affect tumor growth and survival, including inhibition of tumor cell cycle progression, induction of tumor cell-selective apoptosis, suppression of angiogenesis, and modulation of immune responses. Although HDACi show promise as single agents, given their pleiotropic anticancer activities and the apparent lack of toxicity to normal cells, their use in combination with other agents may improve their breadth of application. Already, HDACi have been shown to function synergistically in vitro with a host of structurally and functionally diverse chemical compounds and biologically active polypeptides (1, 3). With a more complete understanding of the molecular mechanisms of action of HDACi, combination studies based on a strong mechanistic rationale are now possible.
H
istone deacetylase inhibitors (HDACi) are an exciting class of anticancer drugs currently in early phase clinical trials for the treatment of hematological malignancies and solid tumors (1, 2) . These agents can elicit a range of biological responses that affect tumor growth and survival, including inhibition of tumor cell cycle progression, induction of tumor cell-selective apoptosis, suppression of angiogenesis, and modulation of immune responses. Although HDACi show promise as single agents, given their pleiotropic anticancer activities and the apparent lack of toxicity to normal cells, their use in combination with other agents may improve their breadth of application. Already, HDACi have been shown to function synergistically in vitro with a host of structurally and functionally diverse chemical compounds and biologically active polypeptides (1, 3) . With a more complete understanding of the molecular mechanisms of action of HDACi, combination studies based on a strong mechanistic rationale are now possible.
Induction of apoptosis plays a key role in mediating the antitumor effects of HDACi in preclinical models (4) (5) (6) , and the molecular events underpinning this process are now being elucidated. HDACi can induce tumor cell apoptosis through activation of either the extrinsic (death receptor) or intrinsic (mitochondrial) pathway depending on the cell type and/or the HDACi under investigation (1) . Activation of the extrinsic pathway by HDACi occurs through transcriptional up-regulation of various TNF receptor super-family members and/or their cognate ligands. Indeed, studies by different groups using various genetic or biological means to inhibit death receptor signaling have demonstrated that death receptor signaling is required for HDACi-induced apoptosis (see ref. 1 and references therein). Conversely, we and others have demonstrated that whereas HDACi induce expression of death receptors, ligands, and down-regulate inhibitors of death-receptor signaling such as cellular c-FLIP (7) and XIAP (8) , the intrinsic rather than the extrinsic pathway is necessary for HDACi-mediated apoptosis (1) . We therefore propose that there is a mechanistic rationale for combining HDACi with death receptor stimuli-either the HDACi will augment death receptor-mediated apoptosis by hyperactivating the same pathway, or the simultaneous activation of the extrinsic and intrinsic apoptotic pathways will result in additive or synergistic killing.
Human tumor necrosis factor-related apoptosis-inducing ligand (TRAIL, Apo-2L) interacts with two death-inducing receptors, DR4 and DR5, and with three ''decoy receptors,'' DcR1, DcR2, and the soluble receptor osteoprotegerin (9) . Only one murine, deathinducing receptor has been identified (mouse DR5) that shares sequence homology with human DR4 and DR5 (10) , and two murine decoy receptors have also been identified (11) . In humans, TRAIL can induce tumor cell-selective killing by activating the death-receptor-mediated apoptotic pathway through binding to the TRAIL-R1/DR4 or TRAIL-R2/DR5 receptors, although apoptotic signaling may be regulated by expression of decoy receptors or activation of additional signaling pathways such as the NF-B pathway (9) . The therapeutic potential of TRAIL is based on its ability to induce apoptosis in a wide variety of human tumor cell lines in vitro and in vivo with seemingly little toxicity against normal cells (12) . Moreover, recombinant soluble TRAIL can be safely introduced into nonhuman primates, and early phase clinical trials indicate that the agent is nontoxic to humans (13) . Agonistic mAbs that functionally engage human and murine TRAIL receptors [HGS-ETR1/mapatumumab (anti-DR4 antibody) and HGS-ETR2/lexatumumab (anti-DR5 antibody) in humans, and MD5-1 (anti-DR5 antibody) in mice] have been generated and induce TRAIL receptor oligomerization and activate the extrinsic apoptotic cascade, culminating in target cell death (14) (15) (16) . These agents have been tested in Phase I clinical trials and exhibit excellent safety profiles (17, 18) . The use of mAb to target TRAIL receptors may have a therapeutic advantage over the use of recombinant TRAIL because they demonstrate a longer half-life in vivo, a higher affinity for the target receptor, no decoy receptor engagement, and they may provide a mechanism to induce long-term, tumor-specific T cell memory (through Fc receptor engagement) that prevents tumor recurrence (16) .
Combinations of HDACi and activators of the TRAIL and Fas pathways have been tested against human tumor cell lines in vitro resulting in additive or synergistic tumor cell death after combination treatment (see ref. 1 and references therein). The mechanistic basis for the synergistic effects remains unclear, and there have been no in vivo studies demonstrating therapeutic efficacy or associated toxicity of the combination in preclinical models. Herein, we demonstrate that the HDACi vorinostat (suberoylanilide hydroxamic acid, SAHA, Zolinza) and the anti-mouse DR5 mAb MD5-1 induce synergistic apoptosis of a variety of mouse tumor cell lines of different tissue origin in vitro. Using the 4T1.2 syngeneic mouse model of breast carcinoma, we clearly demonstrate that a combination therapy of vorinostat and MD51 displays synergistic antitumor activity over either agent alone and in the absence of any detectable toxicity. Finally, using 4T1.2 cells overexpressing either cytokine response modifier A (CrmA) or c-FLIP (to inhibit the extrinsic apoptotic pathway) or B cell/chronic lymphocytic leukemia lymphoma-2 (Bcl-2) (to inhibit the intrinsic pathway), we illustrate that the extrinsic apoptotic pathway is essential for the combination effect of vorinostat and MD5-1 in vitro and in vivo.
Results

MD5-1 and Vorinostat Function Synergistically to Induce Apoptosis In
Vitro. We surveyed mouse tumor lines for expression of DR5 and determined that the 4T1.2, Renca, A20, and MC38 cell lines each expressed the TRAIL receptor (Fig. 1A) . Treatment of 4T1.2 (Fig.  1B) , Renca, A20, and MC38 cells [supporting information (SI) Fig.  S1 A] with plate-bound MD5-1 anti-DR5 mAb for 24 h resulted in a dose-dependent induction of apoptosis. As reported (16) , crosslinking of DR5 was essential for induction of apoptosis by MD5-1 (data not shown). In contrast to MD5-1, the HDACi vorinostat induced little or no apoptosis of 4T1.2 (Fig. 1B) , Renca, and MC38 cells (Fig. S1B ) in 24 h assays by using doses of drug up to 50 M. Only A20 cells displayed substantial sensitivity to vorinostat after a 24 h incubation (Fig. S1B) . Incubation of 4T1.2, Renca, and MC38 tumor lines for 48 h resulted in a dose-dependent increase in apoptosis reaching a maximum of Ϸ90% with 50 M vorinostat (Figs. 1B and S1B).
We next tested whether MD5-1 and vorinostat induced synergistic death of 4T1.2, Renca, MC38, and A20 cells. Using concentrations of each agent that alone induced minimal apoptosis in a 24 h assay, the two agents combined caused Ϸ75% of the 4T1.2 and Renca cells to undergo apoptosis (Fig. 1C) . The degree of synergism for each of the tumor lines was assessed by calculation of the Combination Index (CI) (19) . CI values Ͻ0.1 are considered very strong synergy; 0.1-0.3, strong synergy; and 0.3-0.7, synergy. The CI value for the 4T1.2 cell line was 0.105, and for Renca cell line, the value was 0.001. These data therefore demonstrate that triggering of the death-receptor pathway through the DR5 pathway, combined with inhibition of HDAC activity by vorinostat, results in a strong to very strong synergistic death of mammary and renal carcinoma cells, respectively. Enhanced induction of apoptosis was observed in the MC38 and A20 lines. The CI for A20 was 0.551, and for MC38 the CI was 0.283. We also assessed the kinetics of apoptosis induced by the combination of vorinostat and MD5-1. 4T1.2 cells that were treated with the combination demonstrated significant apoptosis as little as 8 h after combination treatment and steadily increased over the 24 h time course (Fig. S1C) .
Combination Therapy Using MD5-1 and Vorinostat Causes Regression of Established Tumors. Our in vitro data confirm other reports demonstrating that HDACi can synergize with stimulators of death-receptor pathways to kill tumor cell lines (see ref. 1 and references therein). However, to our knowledge, there has not been any published data demonstrating combination effects between these agents in vivo. Moreover, it is unclear how toxic this form of combination therapy might be to normal tissues. The BALB/cderived 4T1.2 tumor is an aggressive mammary carcinoma that spontaneously metastasizes to multiple organs within days of primary growth. BALB/c mice bearing established 4T1.2 s.c. tumors were treated with MD5-1 and vorinostat alone and in combination. Pharmacokinetic analysis demonstrated that vorinostat administered at 100 mg/kg i.p. into BALB/c mice achieved a C max of 2.0 M and T 1/2 of 3.7 h. Vorinostat alone had little to no effect on the growth of established 4T1.2 mammary carcinomas, and MD5-1 had minimal single-agent activity, mediating delayed tumor growth but no tumor regression ( Fig. 2 A and B) . In contrast, the combination of MD5-1 and vorinostat caused complete tumor regression of 6/25 4T1.2 tumors by day 14 of therapy and significantly suppressed the growth of the 19 other tumors (Fig. 2 A) . Of the six mice that were tumor free on day 14 of therapy, four mice remained tumor free (primary and metastases) for the remainder of the experiment (Ͼ100 d). To determine whether tumors that eventually grew out in mice treated with a combination of MD5-1 and vorinostat developed resistance to either agent alone, we resected the tumors and established tumor cell lines in culture. These lines showed no difference in sensitivity to MD5-1 or vorinostat when compared with parental 4T1.2 cells (Fig. S2 A) . These data indicated that the inability to achieve complete cures of all 4T1.2-bearing mice with the MD5-1/vorinostat combination therapy was not because of acquired resistance to either agent. Our in vitro data (Fig. 1 ) demonstrated that MD5-1 and vorinostat induced synergistic apoptosis, and we hypothesized that the enhanced apoptosis mediated by the combination treatment would translate to additional therapeutic activity in vivo. As shown in Given the superior antitumor effects demonstrated by using a combination of MD5-1 and vorinostat compared with single agent treatment, we next assessed the effect of treatment with MD5-1, vorinostat, or a combination of both on the health of BALB/c mice by measuring the body weight of the mice during and after treatment with these agents. None of the treated groups lost Ͼ10% of their body weight through the course of the experiment, indicating a lack of any major systemic toxicity (Fig. S2B) . Moreover, there was no detectable elevation in serum aspartate aminotransferase, alanine aminotransferase, or creatinine levels in any of the treatment groups (data not shown). Together, these data indicate that combination therapy by using MD5-1 and vorinostat is efficacious against breast carcinomas without overt toxicity to the host.
In addition to directly inducing tumor cell apoptosis, HDACi may indirectly cause tumor cell death by engaging the immune system (1). Moreover, it has been demonstrated that treatment with MD5-1 can stimulate antitumor immune responses (16) . To determine whether the adaptive immune system played any role in mediating the antitumor activity of the vorinostat/MD5-1 combination, we compared and contrasted the effects of single agent and combination treatment on 4T1.2 tumors grown in BALB/c and SCID mice. 4T1.2 cells grew at equivalent rates in BALB/c and SCID mice, and the enhanced antitumor effects of the combination therapy compared with single-agent treatment demonstrated in BALB/c mice was also observed in SCID mice (Fig. S2C) , indicating that the adaptive immune system plays little or no role in the primary therapeutic response elicited by vorinostat and MD5-1 used in combination.
To demonstrate that the combination of vorinostat and MD5-1 provided enhanced antitumor activities in vivo compared with vorinostat or MD5-1 alone, in tumors other than 4T1.2 mammary carcinomas, experiments were performed by using Renca tumors that, like 4T1.2, grew in BALB/c mice. As shown in Fig. S2D , the combination of vorinostat and MD5-1 again produced antitumor effects in vivo that were superior to that observed by using vorinostat or MD5-1 as monotherapies.
Mechanisms of Synergistic Antitumor Activity by Using MD5-1 and
Vorinostat. Our data indicate that vorinostat and MD5-1 cooperate to induce apoptosis of 4T1.2 cells, however, the molecular mechanisms of this synergistic cell death remained to be determined. A simple explanation would be that vorinostat merely increased expression of DR5 on 4T1.2 cells to enhance MD5-1-mediated apoptosis, as has been demonstrated (1). However, analysis of vorinostat-treated 4T1.2 cells demonstrated that the cell surface expression of TRAIL or DR5 was not altered (Fig. S2E) . To identify the apoptotic pathways necessary for synergistic apoptosis by the MD5-1/vorinostat combination, we produced 4T1.2 cells overexpressing the viral serpin CrmA (to inhibit death receptormediated killing) or Bcl-2 (to inhibit apoptosis through the intrinsic pathway) by using murine stem cell virus (MSCV)-mediated gene transduction (Fig. 3A) . Treatment of these cells with vorinostat resulted in dose-dependent apoptosis of all cell lines except the 4T1.2/Bcl-2 cells (Fig. 3B) . In contrast, only 4T1.2/CrmA cells were resistant to MD5-1-mediated apoptosis (Fig. 3B) . These data are consistent with findings demonstrating that vorinostat-mediated apoptosis is triggered by activation of the intrinsic apoptosis pathway and not the death-receptor pathway (see ref. 1 and references therein). Treatment of these cells in vitro with vorinostat and MD5-1 demonstrated a critical role for the extrinsic apoptotic pathway in apoptosis mediated by the combination treatment because 4T1.2 cells overexpressing CrmA were completely refractory to the synergistic induction of apoptosis (Fig. 3C) . Conversely, similar levels of apoptosis were detected in 4T1.2/Bcl-2 and 4T1.2/ MSCV cells treated with MD5-1 and vorinostat. Taken together, these data highlight a critical role for the extrinsic apoptotic pathway in mediating the observed synergy between MD5-1 and vorinostat. This suggests that vorinostat acts to modulate the downstream extrinsic apoptotic pathway effector molecules that enhance the sensitivity of the 4T1.2 mammary carcinomas to death receptor-mediated apoptosis.
To determine whether the extrinsic apoptotic pathway played a critical role in mediating the therapeutic activities of the vorinostat/ MD5-1 combination in vivo, the 4T1.2/MSCV, 4T1.2/Bcl-2, and 4T1.2/CrmA tumor lines were established in SCID mice. Mice bearing established 4T1.2/MSCV, 4T1.2/Bcl-2, and 4T1.2/CrmA tumors were treated with vehicle, vorinostat, MD5-1, or a combination of vorinostat and MD5-1 (Fig. 3D ). 4T1.2/MSCV, 4T1.2/ Bcl-2, and 4T1.2/CrmA grew s.c. at equivalent rates in vehicletreated mice (Fig. 3D) , whereas, consistent with data presented in Fig. 2 A, vorinostat had little or no antitumor activity against any of (Fig. S3A ) and tested them for sensitivity to vorinostat, MD5-1, and the combination. These cells were sensitive to vorinostat but resistant to MD5-1 (Fig. S3B ) and the combination of vorinostat and MD5-1 in vitro (Fig. S3C) . Moreover, we showed that MD5-1-mediated activation of caspase-8 and caspase-3 was enhanced in 4T1.2/Bcl-2 cells coincubated with vorinostat, and the activation of these caspases was completely inhibited in 4T1.2/c-FLIP cells (Fig.  S3D) . Importantly, the MD5-1/vorinostat combination was only effective against 4T1. (Fig. 4B) . The kinetics of the observed decrease in expression of c-FLIP after vorinostat treatment was consistent with the sensitization of 4T1.2 cells to MD5-1-induced apoptosis shown in Fig. S1C . Consistent with the results observed in vitro, c-FLIP levels were also decreased in 4T1.2 tumors exposed to vorinostat in vivo (Fig. 4C) . Vorinostat can both activate and repress gene expression (20) , and HDACi have been shown to decrease the levels of c-FLIP mRNA (21) . We therefore tested the levels of c-FLIP in 4T1.2 cells treated with vorinostat over a 24 h time course. As can be seen in Fig. 4D , there is a marginal decrease in c-FLIP mRNA over the time course, and the levels of c-FLIP do not decrease in a time-dependent manner. Inhibition of caspase activity by using zVAD-fmk had no effect on the vorinostatmediated decrease in c-FLIP levels (data not shown). We therefore determined whether c-FLIP was targeted for proteasome-mediated degradation after treatment with vorinostat. Cotreatment of 4T1.2 cells with vorinostat and the proteasome inhibitor MG-132 blocked the decrease in c-FLIP levels seen after treatment of 4T1.2 cells with vorinostat alone (Fig. 4E) . These results, coupled with our functional data demonstrating that 4T1.2/CrmA and 4T1.2/c-FLIP cells were refractory to the apoptotic and therapeutic effects of the MD5-1/vorinostat combination, indicate that vorinostat sensitized tumor cells to DR5-mediated apoptosis by decreasing the levels of c-FLIP and thereby relieving negative regulation of the deathreceptor pathway.
Discussion
HDACi have demonstrated therapeutic activity against a variety of hematological malignancies with the most consistent responses observed in patients with cutaneous T cell lymphoma (2). Whereas few clinical trials using HDACi in patients with solid tumors have been performed to date, it is likely that HDACi might be best used for the treatment of these cancers in combination with other antitumor agents. HDACi can mediate a range of biological responses such as induction of tumor cell apoptosis, inhibition of cell cycle progression, enhancement of antitumor immunity, and suppression of angiogenesis (1), and it is becoming more clear which one or more of these activities is necessary to mediate the therapeutic activities of these agents. Using immunocompetent mouse models, we and others have recently demonstrated a direct correlation between the ability of HDACi to induce tumor cell apoptosis and their therapeutic efficacy (4, 5) . Interestingly, our study demonstrated that activation of the intrinsic apoptotic pathway was necessary for HDACi-induced apoptosis and therapeutic activity (4), whereas Insinga and colleagues identified death-receptor signaling, and in particular, signaling mediated by the TRAIL pathway, as being the most important signaling event (5). Herein, we have assessed the antitumor activities of vorinostat when used in combination with MD5-1, a mAb that binds to and activates mouse DR5 in vitro and in vivo. We demonstrate that vorinostat and MD5-1 induced synergistic apoptosis of mouse tumor lines of breast, renal, colon, and lymphoid origin. The enhanced tumor cell apoptosis mediated by the combination treatment was highlighted by a substantial decrease in the kinetics of tumor cell death compared with that observed with either agent alone. Importantly, we demonstrate that the combination of vorinostat and MD5-1 was therapeutically superior to single agent treatment, with tumor regression observed in Ϸ25% of the mice with established cancers treated with the MD5-1/vorinostat. The enhanced therapeutic activity observed by using the combination approach was concomitant with a demonstrable increase in in vivo apoptosis of the tumor mass as assessed by TUNEL staining.
The use of a syngeneic mouse model allowed us to assess potential toxicities associated with single-agent or combination treatment, which is something that has not been properly assessed in many studies of immunodeficient mice with human tumor xenografts receiving either recombinant human TRAIL or agonistic anti-human DR5 mAbs. Using the dosing regimen capable of mediating appreciable therapeutic responses, we observed no significant changes in the health of the treated mice. Importantly, liver function, which was highlighted as potentially being compromised by using agents that stimulate the TRAIL receptor pathway because of death of hepatocytes (22, 23) , was unaffected by MD5-1 used alone and in combination with vorinostat. Our results, coupled with studies showing that TRAIL can be safely administered alone or in combination with other anticancer agents such as velcade (24), provide encouraging preclinical evidence that therapeutic strategies using TRAIL or agonistic mAbs targeting DR4 and/or DR5 may be safe in humans. Indeed, there have been recent promising safety and tolerability results from early phase clinical trials using antibodies specific for human DR4 (mapatumumab, HGS-ETR1) (17) or DR5 (lexatumumab, HGS-ETR2) (18) . Whether a combination of HDACi and TRAIL signaling is well tolerated in humans requires additional testing.
The correlation between induction of apoptosis by vorinostat/ MD5-1 and therapeutic efficacy was further strengthened by our functional studies designed to identify the apoptotic pathways required for the combination response. Consistent with our studies that used primary mouse lymphomas (4), vorinostat-induced apoptosis of mouse mammary carcinoma cells was blocked by overexpression of Bcl-2, whereas inhibition of the death-receptor pathway by overexpression of CrmA or c-FLIP had no effect. In contrast, MD5-1-induced apoptosis was almost completely inhibited in 4T1.2/CrmA and 4T1.2/c-FLIP cells but unaffected by overexpression of Bcl-2. However, of major interest was our finding that apoptosis and therapeutic activity, mediated by the combination of MD5-1 and vorinostat, was also significantly suppressed by CrmA and c-FLIP, whereas overexpression of Bcl-2 had little or no effect. These data clearly demonstrated that vorinostat enhanced the apoptotic activity of MD5-1 in the extrinsic pathway and is consistent with other studies that make similar conclusions (25, 26) . However, there are other reports indicating that synergistic tumor cell apoptosis, mediated by the combination of HDACi and TRAIL activating agents, requires both the extrinsic and intrinsic pathways (27) (28) (29) . These different results may merely reflect cell type-specific responses to HDACi and/or TRAIL, but the discrepancies underscore the need to use robust, tractable experimental systems to define the mechanisms of action of combination therapies using HDACi and agents that activate the TRAIL pathway.
We demonstrate enhanced therapeutic activity of a combination involving an HDACi and activation of the TRAIL pathway, and although the phenomena of enhanced in vitro apoptosis after cotreatment with HDACi and activators of the TRAIL pathway has been known for some time, there appears to be little consensus on molecular events that underpin additive or synergistic apoptosis after the combination treatment (see ref. 1 and references therein) . Several studies have demonstrated that HDACi enhance expression of cell surface DR4 and/or DR5, giving rise to the hypothesis that this is a key event in enhanced TRAIL-mediated apoptosis after the addition of HDACi (25, 28, (30) (31) (32) . However, a recent study provides compelling evidence that although HDACi can indeed induce expression of TRAIL and/or its cognate receptors, this event is not necessary to mediate synergistic apoptosis of target cells by using a combination of HDACi and recombinant TRAIL or anti-DR4/DR5 mAbs (33) . Other studies have correlated synergistic tumor cell apoptosis by HDACi and activators of the TRAIL pathway with decreased expression of c-FLIP (8, 25) , decreased expression of apoptosis inhibitors and Bcl-2 (25), inhibition of Cdc2 protein and subsequent down-regulation of survivin and XIAP (26) , and modulation of NF-B activity (28, 34, 35) . It is not yet clear whether a common molecular event will be identified as being requisite to mediate synergistic apoptosis by HDACi and TRAIL activators, or whether the responses will depend on the cell type and/or HDACi under investigation.
Using a mouse mammary tumor model that spontaneously metastasizes and mimics human breast cancer, we have shown that combining the HDACi vorinostat with an agonistic mAb that specifically targets the DR5 death receptor results in synergistic apoptosis in vitro and in vivo and concomitant tumor regression. Moreover, such a combination therapy regimen was well tolerated. We demonstrated that activation of the death-receptor pathway, but not the intrinsic apoptotic pathway, was necessary for the apoptotic and therapeutic effects of the vorinostat/MD5-1 combination, and that the vorinostat-mediated down-regulation of c- FLIP observed in vitro and in vivo likely plays an important role in mediating the synergy. Our data imply that such combination therapies using HDACi and TRAIL or anti-DR4/DR5 mAbs are likely to be efficacious and may be delivered safely to patients. Overexpression of prosurvival Bcl-2 family proteins can inhibit the apoptotic activities of many chemotherapeutic agents (36) , and our data demonstrating that a combination of vorinostat and MD5-1 can overcome such an effect raises the possibility that such combination treatments may be efficacious against tumors resistant to conventional chemotherapy regimens.
Materials and Methods
Apoptosis Assays. Cells (2.5 ϫ 10 4 ) were cultured in the presence of either Vorinostat (48-well plate, Greiner), plate-bound MD5-1, or in combination (96-well Protein A coated plates, Pierce). Cells were washed twice in PBS, labeled with allophycocyanin-conjugated annexin V (BD PharMingen) in the presence of propidium iodide (PI), and immediately analyzed by flow cytometry. Representative data from two independent experiments are shown.
